Despite the remarkable diversity found in squamate reptiles, most of their species tend to be found in warm/dry environments, suggesting that climatic requirements played a crucial role in their diversification, yet little is known about the evolution of their climatic niches. In this study, we integrate climatic information associated with the geographical distribution of 1882 squamate species and their phylogenetic relationships to investigate the tempo and mode of climatic niche evolution in squamates, both over time and among lineages. We found that changes in climatic niche dynamics were pronounced over their recent squamate evolutionary history, and we identified extensive evidence for rate heterogeneity in squamate climatic niche evolution. Most rate shifts involved accelerations, particularly over the past 50 Myr. Most squamates occupy similar regions of the climatic niche space, with only a few lineages diversifying into colder and humid climatic conditions. The changes from arid to mesic conditions in some regions of the globe may have provided opportunities for climatic niche evolution, although most lineages tended to remain near their ancestral niche. Variation in rates of climatic niche evolution seems common, particularly in response to the availability of new climatic conditions over evolutionary time.
Introduction
An intriguing feature of many ecological phenomena is that they are fairly obvious to observe, but remarkably difficult to explain. One such phenomenon is the uneven distribution of species across the planet. Although many potential correlates of species richness have been identified (e.g. temperature, precipitation and primary productivity [1] [2] [3] ), these correlates often fall short when similar conditions are associated with substantially different levels of species richness [4, 5] . These discrepancies are not surprising, given that the location and extent of the distribution of a given species is the complex outcome of a variety of mechanisms operating at different ecological and evolutionary scales [4, [6] [7] [8] [9] [10] . As a consequence, a complete theory of species distribution patterns must necessarily be framed in terms of the mechanisms that actually modify species numbers, namely speciation, extinction and dispersal [11] [12] [13] . Interestingly, all three of these mechanisms are influenced to some extent by the ecological niche of a species. The ecological niche has been defined as multidimensional hypervolume space within which a species can persist [14] . More recently, niche definitions have been separated into two main classes: Grinnellian and Eltonian [15] . While the former is related to non-interactive broad-scale environmental variables, the later focuses on biotic interactions [15] . To date, most studies that addressed the influence of ecological niches on speciation, extinction and dispersal have focused on the Grinnellian class, particularly on the climatic niche of a species (here defined as the set of climatic conditions associated with the occurrence and persistence of a species; e.g. [16] [17] [18] ). Although relevant progress has been made, our current understanding of how climatic niches evolve is still incipient.
Studies on closely related species and populations often find rapid evolution in climatic niches (e.g. [19, 20] ), which could suggest that climatic niches are evolutionarily labile. When viewed at broader evolutionary timescales, however, niche evolution appears to be much more constrained, with most changes occurring along a few major dimensions. For instance, although closely related, Primates exhibit high diversity in their climatic niches [21] , nearly 50% of the climatic niche evolution in Primates involves changes along a temperature axis, particularly during the winter months, and half of the remaining variation is distributed on a precipitation axis, especially during the driest months [22, 23] .
Few studies have investigated climatic niche evolution using methods that explicitly test for variation in evolutionary rates among lineages. Duran & Pie [22] used a recently developed method based on a reversible-jump Markov chain Monte Carlo approach to test for variation in rates of climatic niche evolution in different primate clades (i.e. Platyrrhini, Strepsirrhini and Catarrhini) and found evidence for multiple independent rate shifts. Interestingly, these shifts were concentrated on the past 10 Myr, which is corresponds to a period of overall world climatic cooling [24] . Indeed, most of the observed shifts involved rate accelerations associated with the adaptation of lineages from an ancestral warm/wet climatic niche to novel colder climatic conditions. These observations suggest a scenario in which lineages tend to maintain their ancestral climatic niches, but also evolve into novel areas of climatic niche space as they become available during the evolutionary history of a clade. A test of such a scenario for the evolution of climatic niches could be attained by investigating another clade with comparable age but with a distinct ancestral climatic niche, which therefore would respond differently to changing world climatic conditions. One such clade is Squamata, the largest extant order of reptiles and the second-largest order of vertebrates, with over 9900 species worldwide [25] . Squamates are found on every continent outside Antarctica, thus being exposed to a variety of climatic conditions during their evolutionary history [25] . Given that squamates are ectotherms, they might experience different constraints in relation to environmental conditions than endotherms [26, 27] . For example, the extent to which climate influences species distribution is greater in ectotherms than in endotherms [28] , which may have led to a stronger effect of historical climate change on squamate climatic niche evolution. More importantly, squamates are ancestrally associated with warm/dry environments that were already present prior to the period of accelerated climatic niche evolution in Primates. Therefore, one could predict that climatic niche evolution would be more protracted than that of Primates, even though particular clades exhibit particular life history traits (e.g. dispersal ability and generation time) that might allow them to independently accelerate the evolution of their climatic niches to occupy novel habitats. In this study, we test this scenario with a large-scale analyses of climatic niche evolution in several squamate clades. The specific objectives of our study are (i) to describe the general structure of squamate climatic niche space; (ii) to test for variation in rates of climatic niche evolution, both among clades and over time, and (iii) to assess the extent to which niche evolution corresponded to large-scale climatic changes over the course of their history. We found extensive evidence for rate heterogeneity (heterotachy) in squamate climatic niche evolution, both over time and among lineages.
Material and methods
We obtained information on the geographical distribution of squamate species using shapefiles from the International Union for Conservation of Nature database [29] (available at http:// www.iucnredlist.org). Climatic information was obtained from WorldClim v. 1.4 (available at http://www.worldclim.org), which comprises data on 19 temperature and precipitation variables at a spatial resolution of 5 arc-min (10 km at the Equator) [30] . For each distribution map we extracted the climatic information from all grid cells within the species distribution polygons and calculated the mean values for each variable for each species using the packages RASTER 2.2-31 [31] , RGDAL 0.9-1 [32] , MAPTOOLS 0.8-30 [33] and PLYR 1.8.1 [34] (see electronic supplementary material, table S1 for the raw dataset). When climatic niches are measured from the environment associated with species distribution ranges, what is measured is an approximation of the realized climatic niche of the species (i.e. a part of the fundamental climatic niche occupied by the species, after accounting for factors such as dispersal [35] ). Information on species fundamental niches would probably provide a more thorough evaluation of the climatic niche evolution in squamate reptiles [36] . However, obtaining such information for hundreds of species is challenging, given that it involves the use of experimental methods. Therefore, the term climatic niche hereafter refers to an approximation of the realized climatic niche of the species. The phylogenetic relationships and the corresponding divergence times among squamate species were obtained from Zheng & Wiens [37] . We used in our analyses those clades for which we had simultaneously climatic and phylogenetic information, namely Gekkota (297 species), Scincoidea (280 species), Lacertoidea (179 species), Iguania (524 species), Anguimorpha (55 species) and Serpentes (544 species), and an additional three species as a sister group to all squamates, accounting for 1882 squamate species. This dataset comprises approximately 19% of currently recognized squamate species (lizards and snakes) [38] , which, although not complete, should be a representative sample of the evolutionary patterns for their entire clades.
We performed a phylogenetically corrected principal component analysis ( pPCA) [39] , based on the covariance matrix of intraspecific mean bioclimatic variables, using the phyl.pca function from PHYTOOLS 0.4-45 [40] , given that it has been recently suggested that using PC scores from standard PCA could bias the fit of alternative models of evolution [41] . We retained only those PC axes that explained the largest variation in the dataset, according to the broken-stick criterion [42] , thus characterizing the main axes of variation of squamate climatic niches. We transformed raw data into z-scores prior to the pPCA to account for variation in the measurement units among variables. Scores of the selected PCs were used in the remaining analyses.
Given that several recent studies have shown that the fit of simple evolutionary models can provide misleading results [43, 44] , particularly in the case of large datasets [45, 46] , we used ARBUTUS [45] to evaluate the adequacy of trait evolution models [45] . ARBUTUS first fits a model of evolution to a dataset and then simulates datasets using the estimated parameters (N ¼ 10 000 in this study). Test statistics are then calculated on each simulated dataset and contrasted to the original one, such that discrepancies between the simulated and the observed datasets indicate the ways in which the model does not capture specific properties of the original dataset [45] . The six test statistics implemented by ARBUTUS were: M SIG is the mean of the squared independent contrasts and detects potential violations regarding the overall rate of trait evolution; C VAR is the coefficient of variation of the absolute value of the independent contrasts and evaluates whether the evolutionary model is properly accounting for the rate heterogeneity across the phylogeny; S VAR , S ASR and S HGT are based the slope of a linear model fitted to the absolute value of the contrasts against their expected rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170268 variances, their ancestral states inferred at the corresponding node and their node depth, respectively. Finally, D CDF tests if the independent contrast distributions follow the normal distribution, as expected for contrast evolving under Brownian motion. S VAR allows for testing whether the expected variances in the contrasts are proportional to the branch lengths, S ASR is used to test if the variation in evolutionary rates are related to the trait values, S HGT evaluates if the variances in the contrasts are related to time [45] . (The complete descriptions of the test statistics can be assessed in table 1 from Pennell et al. [45] .) We used ARBUTUS based on the Brownian motion model [47] , which describes the scenario where traits evolve as a random walk process, with traits changing with a constant rate, non-directional and with their magnitude independent of current or past states [47] . This model was chosen given that it represents a simple starting point for the understanding of the evolutionary dynamics and thus would more efficiently indicate the departures from a constant-rate model.
General patterns of temporal variation in climatic niche evolution was studied using two complementary methods. First, we used disparity-through-time plots (DTT) [48] , as implemented in GEIGER V. 2.0.3 [49] . This metric is calculated based on the Euclidean distances between PC scores, with the disparity of subclades being calculated by dividing the average disparity of the entire tree by the average of each clade. The observed data are then compared with a null expectation following 999 simulations under an unconstrained Brownian motion model. The second approach was the phenogram function from PHYTOOLS 3.1.2 [40] , in which the phylogeny is plotted in a space defined by the climatic trait (PC axes) in the Y-axis and the time on the X-axis, such that the position of each node corresponds to the maximum-likelihood estimate of the corresponding ancestral state for each of the selected PC scores. Variation in climatic niche evolution among lineages was assessed using the approach called models of trait macroevolution on trees (MOTMOT) [50] , as implemented in MOTMOT package 1.1.2 [50] . This method uses maximum-likelihood evaluation, using phylogenetically independent contrasts, to infer the number and the position on the phylogeny where changes in evolutionary rates occurred, showing also the direction of change of these evolutionary rates.
MOTMOT analyses were run using the transformPhylo.ML function, using both algorithms (tm1 and tm2), with the maximum number of rate shifts set to 10 and without estimating the minimum clade size. The MOTMOT analyses were repeated twice for each selected PC to ensure convergence. All analyses in this study were carried out in R 3.1.3 [51] .
Results
The pPCA efficiently reduced the dimensionality of the dataset, with the first three PC axes accounting for 83% of the variance in the data (see electronic supplementary material, table S2 for pPCA loadings). The first PC reflected variation in precipitation, especially during the driest and coldest months (e.g. precipitation of driest months), whereas the second PC corresponded to variation in mean temperature ( particularly mean annual and during the coldest quarter) and precipitation during the wettest month. Finally, the third PC reflected mostly variation in temperature, especially during the warmest months (electronic supplementary material, table S2). The distribution of squamate species on the pPCA ordination plot showed that most species can be found in arid climatic conditions, with relatively low precipitation and high temperatures ( figure 1) . Iguania, the second largest squamate clade has the broadest occupation of Posterior predictive simulations based on the ARBUTUS method indicated that the BM model showed a poor fit to the dataset for all three PCs (figure 2). Except for M SIG , all the remaining test statistics presented significant departures from the distribution of simulated statistics, with the observed values calculated from the original dataset being much higher or much lower than the expectations under the model. For instance, for all three PCs, the C VAR statistic suggests that the model is not accounting for variation in rates of climatic niche evolution across the phylogeny, whereas the S VAR indicates that more climatic niche evolution occurred on short branches (figure 2). Interestingly, the S ASR statistic showed that both PCs mainly related to variation in precipitation conditions (PC1 and PC2) showed lower observed values than the expectations under BM, whereas the temperature axis (PC3) showed higher observed values (figure 2), suggesting that the variation in rates of climatic niche evolution may behave differently with respect to precipitation and temperature. In general, the ARBUTUS analyses indicate substantial heterotachy across the squamate phylogeny, suggesting that a simple and constant-rate evolutionary models, such BM, provide poor statistical fits to the evolution of squamate climatic niches.
A consistent pattern was uncovered when variation in rates through time was assessed based on DTT plots, indicating higher levels of disparity than expected by chance ( figure 3 ). In general, squamate subclades presented more climatic niche evolution, especially near the present. Nevertheless, these results indicate the presence of heterogeneity through time in rates of climatic niche evolution, with more disparity near the present (figure 3), as one would expect in the context of a radiation into new climatic conditions. Likewise, the ancestral state reconstructions were consistent with this interpretation, showing a remarkable temporal concordance, regardless of the niche axis and the clade, with an accentuated climatic niche diversification, particularly during the last 50 Myr (figure 4). Interestingly, this diversification was continuous through this time, and strongly asymmetric for both PC1 and PC2, where there seems to have a directional change for low scores (figure 4).
The MOTMOT analyses detected frequent variation in rates of climatic niche evolution, both over time and among lineages (figure 5). For PC1 and PC2 axes, MOTMOT identified the 20 most pronounced shifts, with the majority being rate increases (15 of 20) . All the identified decelerations in rates of climatic niche evolution were observed in clades with more than three species, whereas the accelerations were more frequent in greatest number of rate shifts were identified in Serpentes, which is also the most species-rich clade in this study, whereas the smallest clade (Anguimorpha) showed one rate shift comprising the entire clade (PC1, figure 5 ). It is also important to note that most of the single-species rate shifts involving accelerations (6 of 9, figure 5 ) involved species from Southeast Asia, suggesting an unusual condition for the evolution of climatic niches in that region. Conversely, all three rate shifts involving decelerations were associated with island species (i.e. Socotra, New Caledonia and Vanuatu). Figure 4 . Evolution along the first three climatic niche axes of each squamate clades based on maximum likelihood ancestral state reconstruction. X-axis corresponds to the approximate age of origin of squamate clades to the present, whereas nodes indicate the inferred climatic niches for the most recent common ancestor of the extant taxa defined by that node, in each of the three PC axes. Divergent climatic niche evolution is apparent in branches that deviate from most branches of the phylogeny. Note that divergent branches are more frequent near the present time.
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Discussion
The integration of a variety of phylogenetic comparative methods and the use of large-scale datasets allowed us to provide a general scenario for the evolution of climatic niches in Squamata. For instance, the most important dimension of the squamate climatic niche is dominated by precipitation, particularly during the dry season, leaving temperature variables to an important but secondary role. In addition, most squamate lineages are found in warm/dry conditions, which in general seem to be their ancestral state. Interestingly, the evolution away from those conditions was far from homogeneous, with departures from a single-rate model being apparent both over time and among lineages. The occupation of regions with higher precipitation was more pronounced over the past 50 Myr as a result of the increasing availability of habitats with those climatic conditions worldwide [24, 52] . Interestingly, that occupation was associated with several independent rate shifts in different lineages, with the vast majority of those shifts involving accelerations. The climatic niche disparity on the entire dataset showed a considerable increase since 80 Myr (Late Cretaceous) for all three climatic niche axes. Curiously, these changes may be uncoupled from squamate taxonomic diversification, given that extant genera diversified fairly recently in squamate evolutionary history (Miocene -Pliocene) [25] . Therefore, in general, our results corroborate the tested scenario in which clades tend to remain near their ancestral climatic niche, with some lineages accelerating the evolution of their climatic niches to occupy novel conditions as they become available during the history of the clade. These conclusions are supported by data on the thermal physiology of lizards, which shows that several thermal tolerance metrics are conserved in their evolutionary history [53] . Given that these metrics provide a good approximation of the fundamental climatic niches of squamates, our conclusions might be extended to fundamental climatic niches. However, this issue deserves further investigation. Before addressing the potential implications of these results, it is important to have in mind a number of caveats. First, our analyses included 1882 species, which accounts for approximately 19% of the total number of described squamate species. Therefore, it is likely that several additional rate shifts could be identified in the future, as both improved phylogenetic information and species distribution data become available. However, it is important to note that, by the overdispersed nature of taxonomic sampling for phylogenetic studies, additional terminals will tend involve new species and genera, with increasingly fewer tips involving deeper branches. As a consequence, new data are unlikely to change our conclusion of accelerated rates of evolution near the present. Second, some single-branch rate shifts (figure 5) might have been caused by poor placements on the phylogeny, or errors in their associated geographical distribution data, and therefore should be interpreted with caution. Finally, because of differences in behaviour, phenology and morphology, broad scale climate conditions do not necessarily describe the thermal and hydric conditions that species experience (i.e. just because species occupy the same or similar climates does not mean they experience the same conditions), such that the patterns detected in the present study pertain mostly to broad-scale environmental characteristics present throughout the distribution of different squamate lineages.
By contrasting the results of the present study with those of previous studies (e.g. [9, 20, 22, 23, [54] [55] [56] [57] ), one might begin to infer some tentative general principles regarding niche evolution. First, climatic niche evolution seems to be lowdimensional, with a few axes accounting for the vast majority of the observed variation. Although one might be tempted to explain the relative simplicity in the way climatic niches are structured in terms of climatic tolerances or some other physiological constraint, we argue that this pattern might ultimately have to do with the way in which climatic conditions are distributed across the globe. In particular, variation in climatic conditions is not 'isotropic', such that many combinations of climatic conditions are exceedingly rare or even absent altogether (e.g. colder climates with little annual variation in temperature). As a consequence, climatic conditions and their respective covariances form a 'template' over which different lineages adapt and diversify [57] . In other words, the low dimensionality of climatic niches might simply result from the low dimensionality of the climatic conditions themselves.
Second, different climatic niche axes might evolve according to distinct evolutionary dynamics [22, 54, 56, 57] . Several studies have already documented varying degrees of phylogenetic signal in different climatic niche axes [55, 58, 59 ], yet few explicit tests have been carried out to assess variation in rates of climatic niche evolution. The results of the present study, as well as a previous analysis of primate climatic niches [22] indicate that variation in rates is common, particularly in response to the availability of new, non-analogous climatic conditions over evolutionary time.
Third, the ancestral climatic niche condition plays a large role in later evolutionary trends in a given clade. For instance, the protracted acceleration of squamate niche evolution over the course of the past 50 Myr that led to the occupation by some lineages of more warm/humid environments is qualitatively different from the more rapid evolution of Primates when they diversified from their warm/humid ancestral conditions into colder habitats over only 10 Myr [22] . The ancestral climatic niches have been recognized by several authors as an important driver of lineage diversification, as posited in the tropical conservatism hypothesis [12] . More recently, it has also been recognized that this phenomenon is not exclusive to ancestral tropical conditions. For instance, Lampropeltini have a temperate origin, leading to an inverse diversity gradient in the region as lineages were limited in their occupation of more tropical habitats [8] . However, our results challenge some of the expectations of classical notions of phylogenetic niche conservatism. In particular, although ancestral climatic niches provide the initial conditions for further niche diversification, the evolution into other regions of climatic space will depend not only on biological constraints in terms of novel adaptations for thermoregulation and desiccation, but also on the availability of areas with different climates that are biogeographically accessible to the clade in question. In addition, once a novel climate is available, there might be some lag time until a lineage is able to colonize it [60] . The extent to which these three principles are indeed general requires further investigation, including both endo-and ectothermic clades.
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